P regnancy induces the uterine spiral arteries to remodel into dilated uteroplacental vessels by an unknown mechanism called "physiological change." 1 In women who develop preeclampsia, however, spiral arteries frequently remain unchanged or develop medial hyperplasia and atherosis. 2 The factors mediating spiral artery remodeling and the underlying mechanisms leading to abnormal remodeling are unknown.
We have recently shown that the earliest stages of spiral artery remodeling are mediated by maternal factors. 3 Our data suggest that maternal angiotensinogen (AGT) expression in spiral artery smooth muscle cells may play a role in pregnancy-induced remodeling of these vessels. 4 A growing body of evidence supports the existence of a tissue-based renin-angiotensin system (RAS) in blood vessels, 4 -9 which appears to play a role in the vascular response to injury, sheer stress, and vasoactive hormones. 10 There are a number of ways to test for the presence of a local RAS. The most convincing evidence is de novo expression. 9 In this study we tested for renin, angiotensin-converting enzyme (ACE), and angiotensin II type 1 receptor (AT 1 ) expression in the first-trimester uterus using reverse-transcription-polymerase chain reaction (RT-PCR). We localized expression of these components by in situ hybridization and immunohistochemistry.
Methods

Samples
Using a protocol approved by the University of Utah Institutional Review Board, we obtained products of conception from normal first-and second-trimester pregnancies after elective termination. We collected 60 samples of maternal decidua (5 to 13 weeks of gestation). We also collected fetal kidney, heart, and placental villi samples (19 weeks of gestation) to be used as positive controls for renin, ACE, and AT 1 expression. [11] [12] [13] Each tissue sample was split into 2 pieces. One portion was immediately frozen in liquid nitrogen to preserve the RNA, and the other was fixed in cold buffered formalin for in situ studies and for routine histology.
Nucleic Acid Preparation
Total RNA was prepared from frozen maternal decidua, fetal kidney, heart, and villi using Tri-Reagent (Molecular Research Center Inc) according to manufacturer's instructions.
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Reverse Transcription-PCR
We selected primers designed from renin exon 2 (253 to 280 bp), 5Ј-TGG AGC CAA CCC ATG AAG AGG CTG ACA-3Ј, and from exon 5 (2441 to 2414 bp), 5Ј-GGC ATC TCC GTG ACC TCT CCA AAC ATC-3Ј. These primers flank multiple introns 15 and do not amplify genomic DNA. ACE primers were designed from exon 3 (486 to 513 bp), 5Ј-AGG TCT GCC TCC CCA ACA AGA CTG CCA-3Ј, and from exons 5 and 6 (810 to 783 bp), 5Ј-CAG TGC GCG GCG GAC GAA GGC ATG GAG-3Ј. These primers also flank multiple introns 16 and do not amplify genomic DNA. AT 1 primers were designed from the AT 1 gene 17 as follows: 140 to 167 bp, 5Ј-CAG CTT GGT GGT GAT AGT CAT TTA CTT-3Ј and 480 to 453 bp, 5Ј-CTG GCC AAG CCT GCC AGC AGC CAA ATG-3Ј. In each experiment, 300 ng of total RNA from fetal kidney, heart, and villi served as positive controls. Water blanks were used to detect reagent contamination. Total RNA (300 ng) from decidual samples was used as a template for reverse transcription. Reverse transcription was performed as follows: RNA samples were mixed with 5.0 U rTth polymerase (Perkin-Elmer Corp), 0.75 mol/L "downstream" primer, 200 mol/L dNTP, 1 mmol/L MnCl 2 , and 1ϫ rTth reverse transcriptase buffer (Perkin-Elmer) in a total volume of 20 L. The samples were incubated for 30 minutes at 65°to reverse-transcribe mRNA into cDNA, then PCR was amplified as follows: The 20 L reverse transcription reaction was expanded to 100 L by adding "upstream" primer (final concentration 0.15 mol/L), MgCl 2 (final concentration 2.0 mmol/L), and chelating buffer (final concentration 0.8ϫ) to chelate the Mn 2ϩ . The cDNA was amplified using a GeneAmp 9600 thermocycler (Perkin-Elmer) as follows: 1 minute at 94°, then 35 cycles of 10 seconds at 94°and 15 seconds at 60°. RT-PCR products were visualized by ethidium bromide staining after electrophoretic fractionation through 3% 3:1 NuSieve-Seakem agarose gels. RT-PCR products from 1 decidual sample were also sequenced to confirm reaction specificity.
Cryosectioning
Tissue samples from fetal kidney and maternal decidua were fixed for 2 hours in 4% paraformaldehyde (pH 7.4) at 4°C and then submerged overnight in 0.1% DEPC-treated 15% sucrose solution (PBS, pH 7.4) at 4°C. These samples were then frozen in liquid nitrogen. Samples were sectioned, fixed in 4% paraformaldehyde (pH 7.4) for 2 hours at 4°C, and rinsed in PBS and then proteinase K-digested (6 g/mL in PBS) for 20 minutes, rinsed, and refixed for 15 minutes in 4% paraformaldehyde at room temperature. They were then dehydrated by submersion in 50%, 75%, and 100% ethanol and stored at Ϫ70°C.
Riboprobe Preparation
The renin RT-PCR product described above was cloned into the pSPT19 plasmid-containing promoters for in vitro transcription (Boehringer Mannheim Biochemicals). The pSPT19-REN clone was sequenced to confirm orientation and integrity. The plasmid was then linearized either upstream or downstream from the insert, phenolextracted, and transcribed in the presence of digoxigenin-labeled UTP to generate either a sense or antisense digoxigenin-labeled riboprobe (Dig-RNA labeling kit using SP6 or T7 polymerase, Boehringer Mannheim Biochemicals).
In Situ Hybridization
Cryosections were covered by 20 L of heat-denatured hybridization solution (50% vol/vol formamide, 4ϫ SSC, 1ϫ Denhardt's, 0.5 mg/mL salmon sperm DNA, 0.25 mg/mL yeast tRNA, 10% dextran sulfate, and 200 ng/mL riboprobe), placed on coverslips, and incubated overnight at 50°C in a humid chamber. The slides were washed for 5 minutes at room temperature in 2ϫ SSC, followed by 1 minute in STE buffer (500 mmol/L NaCl, 1 mmol/L EDTA, 20 mmol/L Tris-HCl, pH 7.5). They were then treated with RNAse A (40 g/mL) for 30 minutes at 37°C to degrade unbound probe and reduce background signal, followed by a "hot wash" in 2ϫ SSC/50% formamide for 5 minutes at 50°C. Finally, sections were washed at room temperature for 5 minutes in 1ϫ SSC, then 5 minutes in 0.5ϫ SSC. Negative control slides were either hybridized with renin sense probe or pretreated with RNAse A.
Immunodetection of Riboprobe
Immunodetection of the digoxigenin-labeled riboprobe was performed using an alkaline phosphatase-conjugated anti-digoxigenin antibody (Boehringer Mannheim Biochemicals). The riboprobe antibody complex was visualized by adding the alkaline phosphatase substrates nitro blue tetrazolium and 5-bromo-4-chloro-3-indoyl phosphate. Sections were counterstained with eosin and photographed (Optiphot-2, Nikon Inc).
Immunohistochemistry
To investigate the location of ACE expression in human decidua, we stained paraffin-embedded sections of decidual samples and fetal heart positive control for ACE protein using a monoclonal anti-ACE IgM antibody (1:1000, QED Bioscience Inc). Purified mouse IgM was used as a negative control (Dako Co).
To investigate the location of AT 1 expression in human decidua, we stained paraffin-embedded sections of first-trimester decidua, placenta, and fetal kidney positive controls for AT 1 protein using a polyclonal antibody against rat AT 1 receptor (1:800, Chemicon International Inc). This antibody does not recognize any protein in PC12 cells, which are known to predominantly express AT 2 receptors. Immunostaining with purified rabbit immunoglobulins (1:800) served as a negative control (Dako Co).
To determine whether the cells expressing renin mRNA were spiral artery smooth muscle cells, we stained serial sections of the tissue used for in situ hybridization for ␣-smooth muscle cell actin or von Willebrand factor (1:50 and 1:200, respectively; Dako Co).
Immunostaining was performed according to routine methods as suggested by the manufacturer (Dako). Briefly, sections were blocked with 3% blocking reagent (Boehringer), incubated with the appropriate primary antibody, and then incubated with biotinylated anti-mouse/anti-rabbit secondary antibodies (Dako). Sections were then labeled with streptavidin conjugated to horseradish peroxidase and visualized with 3-amino-9-ethyl-carbazole (Sigma Chemical Co), counterstained with Mayer's hematoxylin, and photographed.
Results
RAS Components Expressed in Maternal Decidua
All decidual extracts tested by RT-PCR yielded renin-, ACE-, and AT 1 -specific products of expected size ( Figure 1 ) and sequence (data not shown). We have previously shown local expression of AGT in this tissue 4 ; therefore, de novo expression of all RAS components in human decidua is consistent with the presence of a local RAS. 9 Although expression levels of renin and AT 1 are relatively consistent from 5 to 13 weeks of gestation, ACE expression levels appear to decline after 10 weeks of gestation (Figure 1 ).
Renin Expression Localized to Vascular Smooth Muscle Cells
As expected, in situ hybridization studies localized expression of the renin transcript to fetal kidney afferent arteriole smooth muscle cells.
11 Concurrent experiments performed in first-trimester decidua localized renin transcript to the vessel wall of decidual veins and unremodeled spiral arteries ( Figure   Figure 1 . RAS components are expressed in maternal decidua. RT-PCR amplification of total RNA (300 ng) prepared from fetal kidney (K), heart (H), and placenta (P) (19 weeks of gestation) and maternal decidua (M; 5, 7, 10, and 13 weeks of gestation). Water (W) served as the negative control. Renin, ACE, and AT 1 RT-PCR products are expected size (390, 320, and 340 bp, respectively) and sequence (data not shown).
2A). Positive cells were confirmed to be smooth muscle cells by the presence of ␣-smooth muscle cell actin immunostaining in serial sections. Negative controls, including RNAsedigested tissue or sections hybridized with the renin sense probe, were negative ( Figure 2B ).
ACE Expression Localized to Stroma and Endothelial Cells
Immunostaining for ACE in fetal heart demonstrated the expected pattern in the atrial myocardium. 12 In first-trimester decidua, ACE expression localized to spiral artery endothelial cells ( Figure 2C ). Positive cells were confirmed to be endothelial cells by the presence of von Willebrand factor staining in serial sections. Some perivascular decidual stromal cells also stained for ACE ( Figure 2C ). IgM-negative controls showed no staining of spiral artery endothelium or decidual stroma ( Figure 2D ). The ACE antibody and IgM controls both stained decidual epithelial glands, suggesting that this signal was an artifact (data not shown).
AT 1 Expression Localized to Stroma and Vascular Smooth Muscle Cells
Endothelial cells in fetal placenta and kidney immunostained for AT 1 as expected. 13 In first-trimester decidua, AT 1 expression localized to perivascular stromal cells ( Figure 2E ). Spiral artery smooth muscle cells also demonstrated faint signal, but staining was only marginally above background. Negative controls using purified rabbit immunoglobulins at the same concentration as the AT 1 antibody were negative ( Figure 2F ).
Discussion Spiral Artery RAS Expression
In this study, we show for the first time in humans that all the components of the vascular RAS are expressed in and around remodeling spiral arteries. Decidual spiral arteries are some of the most vasoactive vessels in the body. 1 Therefore, it is not surprising that a local RAS is present and may play a role in pregnancy-induced remodeling.
Johnson et al 18 showed that renin is present in spiral artery smooth muscle cells and that it may mediate uteroplacental blood flow. However, the source of renin in the spiral artery wall was in question because renin may be taken up from the circulation by the vessel wall. 19 We chose to localize renin expression in first-trimester decidua by in situ hybridization because of the recent controversy over immunostaining for human renin. Antibodies raised against human renin may cross-react with reninlike proteases in human placenta and fetal membranes. 20 Our data support the hypothesis that renin is expressed locally. 21 Spiral artery endothelium expresses ACE similarly to other vessels. 5 We also observed staining for ACE in perivascular stromal cells. This observation is consistent with cell culture experiments suggesting that ACE is probably expressed by human decidual stromal cells. 22 Finally, we demonstrated staining for AT 1 receptors in spiral artery smooth muscle cells and perivascular stroma. In the human placenta the receptor is of the AT 1 subtype, 13 and others have shown that AT 1 is expressed by uterine vascular smooth muscle cells in sheep. 23 Although AT 1 is usually identified by radioligand binding studies, 24 we made use of a polyclonal antibody raised against rat AT 1 . Rat AT 1 and human AT 1 share 94.7% identity, and this antibody stained renal and placental positive controls as expected. We concluded therefore that this antibody labeled human AT 1 in decidua.
Role of Spiral Artery RAS
We suspect that local AGT expression is necessary for normal pregnancy-induced dilation of the spiral arteries. Experiments in primates have shown that the infusion of low levels of angiotensin II causes increased prostaglandin synthesis, spiral artery dilation, and increased uteroplacental blood flow. 25, 26 However, high doses of angiotensin II decrease uteroplacental blood flow because of a relative increase in uteroplacental vascular resistance. 26 ACE inhibitors also lead to reduced uteroplacental blood flow. 27 These observations suggest that a low level expression of the AGT gene in remodeling spiral arteries may be involved in the normal dilation and attenuation of these vessels. However, abnormally elevated local expression may affect uteroplacental vascular resistance. Moreover, because angiotensin II is a potent mitogen and angiogenic agent, abnormally elevated local angiotensin II levels may cause medial hyperplasia 28 and/or angiogenesis 29 in remodeling spiral arteries. In addition, the spiral artery RAS may be involved in decidualization. Both in vivo and in vitro studies performed in rats suggest that angiotensin II is required for decidualization. 30 The inhibition of ACE prevented decidualization, whereas infusion of angiotensin II stimulated decidualization. In humans, decidualization begins around the spiral arteries and then spreads throughout the endometrium. 31 In fact, there is evidence that the early stages of spiral artery remodeling may be a form of decidualization.
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Spiral Artery RAS and Preeclampsia
Recent transgenic mouse studies suggest that increased expression of maternal AGT plays a role in the pathogenesis of preeclampsia. 32 Takimoto et al 32 showed that pregnant mice expressing the human AGT (hAGT) gene develop a preeclampsia-like syndrome when the fetus expresses the human renin (hREN) gene. Pregnant females displayed a transient elevation of blood pressure late in pregnancy, which returned to normal after delivery of the pups. Histopathologic analysis also revealed uniform enlargement of the glomeruli associated with an increase in urinary protein. These transgenic mice overexpress both of these genes, but the location of hAGT and hREN expression appears to be important. Indeed, the syndrome did not develop when the mother expressed human renin and the fetus expressed hAGT. Although further experimentation is required (eg, to confirm that fetal hAGT is available for maternal hREN cleavage and that simply infusing human renin into an hAGT transgenic mouse does not lead to preeclampsia), this model suggests that perhaps the systemic RAS is not as important as a local uteroplacental RAS in the pathogenesis of preeclampsia.
We have suggested that molecular variants of the AGT gene may have a role in preeclampsia. 33 In our study population, 20% of white women homozygous for the AGT T235 variant (Met235Thr) developed preeclampsia compared with Ͻ1% of white women homozygous for the M235 allele. We attribute the association between T235 and preeclampsia to a mutation in the AGT promoter A(Ϫ6), which is in very tight linkage disequilibrium with T235. 34 Tests of promoter function and studies of binding between AGT oligonucleotides and nuclear proteins strongly suggest that the substitution at nucleotide Ϫ6 affects specific interactions between at least 1 trans-acting nuclear factor and the AGT promoter, thereby influencing the basal rate of transcription of the gene.
AGT T235 expression is elevated in decidual spiral arteries. 4 Because the renin-AGT reaction is the rate-limiting step in the generation of angiotensin II, and because the plasma concentration of AGT is near the K m value, any abnormal elevation in local AGT expression would lead to abnormally high local angiotensin II levels and decreased uteroplacental blood flow. 35 Consequently, women with the T235 variant allele may develop more spiral artery medial hyperplasia and/or angiogenesis during pregnancy-induced remodeling. In fact, we have recently observed a greater frequency of abnormal physiological change in women homozygous for the T235 variant compared with women homozygous for the M235 allele. 36 We hypothesize that relatively abnormal physiological change in TT women leads to an imbalance between maternal blood flow and placental demand, resulting in the cascade of events culminating in preeclampsia.
Indeed, improved spiral artery remodeling in women homozygous for M235 may explain the expansion of this allele in northern European whites. 37 Protection from preeclampsia is clearly an advantage for the mother and the fetus. We suggest that a selective pressure for fixing M235 in this population may be improved survival of the mother and child.
